Rodent models exhibit only the earliest features of human diabetic nephropathy, which limits our ability to investigate new therapies. Hypertension is a prerequisite for advanced diabetic nephropathy in humans, so its rarity in typical rodent models may partly explain their resistance to nephropathy. Here, we used the Cyp1a1mRen2 rat, in which the murine renin-2 gene is incorporated under the Cytochrome P4501a1 promoter. In this transgenic strain, administration of low-dose dietary indole-3-carbinol induces moderate hypertension. In the absence of hypertension, streptozotocininduced diabetes resulted in a 14-fold increase in albuminuria but only mild changes in histology and gene expression despite 28 weeks of marked hyperglycemia. In the presence of induced hypertension, hyperglycemia resulted in a 500-fold increase in albuminuria, marked glomerulosclerosis and tubulointerstitial fibrosis, and induction of many of the same pathways that are upregulated in the tubulointerstitium in human diabetic nephropathy. In conclusion, although induction of diabetes alone in rodents has limited utility to model human diabetic nephropathy, renin-dependent hypertension and hyperglycemia synergize to recapitulate many of the clinical, histological, and gene expression changes observed in humans.
Diabetic nephropathy (DN) is the single largest cause of end stage renal failure in the Western world. 1 Although the development of novel therapeutic strategies for DN remains a research priority, we are constrained by the fact that current rodent models replicate only the earliest stages of human DN. 2 One potential explanation for the resistance of rodents to DN is that they tend not to develop hypertension, which is critical for progressive DN in humans. Abnormalities in BP, such as loss of nocturnal dipping, occur early in the course of human DN 3 and rigorous BP control is at least as effective as glycemic control in retarding disease progression. 4, 5 Indeed, in patients with diabetes and co-existing unilateral renal artery stenosis there may be no evidence of nephropathy in the kidney downstream of the stenosis, despite severe nephropathy in the contralateral kidney, suggesting that transmission of systemic hypertension to the diabetic glomerulus is a prerequisite for the development of advanced nephropathy. 6, 7 Despite the crucial role of hypertension in the pathogenesis of DN, there is a paucity of data regarding how high BP and hyperglycemia interact at a molecular level to promote nephropathy. Whereas it is difficult to dissect the relative contribution of hypertension and diabetes in humans, rodent studies may be informative as hyperglycemia and high BP synergize to promote nephropathy in a number of hypertensive rodent models. [8] [9] [10] The renin-dependent hypertensive (mRen-2)27 rat has been extensively use to model DN 9 ; however, it is limited by the development of malignant phase hypertension. 11, 12 To determine how hyperglycemia and hypertension interact at a molecular level, we used the Cyp1a1mRen2 rat, which harbors the murine Ren2 cDNA under the control of the cytochrome P4501a1 promoter, 13 such that hypertension may be induced by dietary supplementation with indole-3-carbinol (I-3-C). Unlike the constitutive (mRen-2)27 rat, hypertension can be induced after the onset of diabetes to mimic the natural history of human DN and the I-3-C dose may be titrated to avoid malignant phase hypertension.
Cyp1a1mRen2 rats were allocated into four groups: controls (n=6), streptozotocin-induced diabetes (DM; n=6), I-3-C-induced hypertension (HTN; n=7), and combined hypertension and diabetes (DN+HTN; n=8). During the subsequent 28 weeks, blood sugar levels were 20-30 mM in both diabetic groups with no significant difference between the DM and DM+HTN animals ( Figure  1A ). Dietary I-3-C induced an equivalent increase in tail-cuff BP in both hypertensive groups compared with their nonhypertensive counterparts ( Figure  1B) . The tail-cuff readings were consistent with those obtained by arterial cannulation under terminal anaesthesia (mean arterial pressure of 12762.3, 13662.8, 18166.4, and 16968.7 mmHg in controls, DM, HTN, and DM+HTN animals, respectively).
DM animals exhibited a modest increase in albuminuria, with a 14-fold higher median albumin/creatinine ratio than that of controls at 28 weeks, equivalent to microalbuminuric levels in humans ( Figure 1C ). Hypertension and diabetes synergized to promote albuminuria, such that by 28 weeks the median albumin/creatinine ratio in the DM+HTN group was 500-fold higher than controls and significantly greater than that in either the DM or HTN groups.
There was very mild histological injury in the DM group; however, induction of hypertension alone promoted FSGS and a nonsignificant increase in the glomerulosclerosis index (GSI; Figure 2, A and B) . Concurrent diabetes and hypertension significantly increased the GSI compared with all other groups ( Figure 2B ) and resulted in the development of intraglomerular fibrin caps, which were rarely observed with either DM or HTN alone but are typical of human DN (Figure 2 , A and C). Importantly, there was no histological evidence of malignant phase hypertension, such as onion-skinning of the renal arterioles in either hypertensive group. Only the DM+HTN rats had a significant increase in mesangial cell activation as indicated by a-smooth muscle actin (a-SMA) staining ( Figure 2D ). There was an increase in glomerular macrophage infiltration in all of the intervention groups, which reached significance in the DM+ HTN animals ( Figure 2E ). Few glomerular lymphocytes were observed with no significant differences between the groups.
Tubulointerstitial fibrosis (TIF) and inflammation are key components in the pathogenesis of DN; indeed, the severity of TIF more accurately predicts prognosis than the glomerular findings. 14 The absence of overt TIF in rodent models of DN compromises their ability to effectively model human DN. Indeed, even in the endothelial nitric oxide synthase knockout mouse, which develops moderate hypertension and significant glomerular pathology and is arguably the most convincing model of DN to date, there is scant evidence of TIF. 15, 16 As anticipated, there was no evidence of TIF after induction of diabetes alone; however, overt TIF developed in the DM+HTN animals as indicated by a significant increase in collagen deposition ( Figure 3 , A and C) and myofibroblast activation ( Figure 3 , B and D). The innate immune system plays a major role in the pathogenesis of DN, 17 and although this was not activated by diabetes alone, marked macrophage infiltration was observed in the tubulointerstitium of both hypertensive groups ( Figure  3E ). The role of the adaptive immune system in DN is less well characterized; however, tubulointerstitial T cell and B cell infiltration is observed in human DN 18 and T cells may be pathogenic in rodent DN. 19 There was an increase in tubulointerstitial T lymphocytes in the hypertensive animals, which was not evident with diabetes alone ( Figure 3F ). In addition, focal B cell aggregates were observed solely in the DM+HTN group, often adjacent to blood vessels ( Figure  3G ). Lymphocyte recruitment may be mediated by the increase in chemokines and chemokine receptors observed predominantly in the DM+HTN group (Supplemental Table 1 ).
To determine the molecular signature of the interaction between hypertension and hyperglycemia we performed microarray analysis on whole kidney tissue (n=4 per group). Remarkably, despite prolonged severe hyperglycemia in the DM group, only 8 and 15 genes were significantly upregulated and downregulated (corrected P,0.01), respectively, versus controls. Indeed, the vast majority of genes were dysregulated only by Figure 1) , the antigen presenting cellmediated regulation of the cell cycle (Supplemental Figure 2 ) and an extracellular matrix gene network (Supplemental Figure 3) . It is, however, worth noting that because the microarray was performed on terminal tissue samples, many of the changes in gene expression will be secondary to the presence of an inflammatory cell infiltrate or to modification of the intrinsic cells due to anchorage to a scarred extracellular matrix, rather than reflect the primary causal pathways of hyperglycemic and hypertensive damage.
Because the glomeruli comprise a small proportion of the total renal mass, whole-kidney microarray predominantly reflects gene expression in the tubulointerstitium. Hence, to determine whether the pattern of gene expression observed in our study reflects the molecular pathophysiology of human DN, we compared the upregulated genes from each group with those preferentially expressed in the tubulointerstitium of patients with DN. 20 Remarkably, none of the genes that were upregulated in human DN were induced by diabetes alone, whereas 21% and 42% were significantly upregulated in the HTN and DM+HTN groups, respectively (Supplemental Table 4 ). Conversely, 43% and 39% of the top 60 upregulated and downregulated genes in the DM+HTN rats were similarly dysregulated in the tubulointerstitium in human DN (Supplemental Tables 2 and  3 ; http://www.nephromine.org). The inability of hyperglycemia alone to activate many of the pathways that promote DN in humans suggests that a "second hit" such as hypertension is required and this is readily illustrated by examining the expression of individual genes.
Havcr1, which encodes the tubular injury marker kidney injury molecule-1, is upregulated early in the course of human DN. 21 Although it was highly expressed in the DM+HTN animals (Supplemental Table 2 and Supplemental Figure 4 ), the lack of induction by diabetes alone implies minimal tubular injury despite 28 weeks of marked hyperglycemia. The Janus kinase-signal transducer and activator of transcription (JAK-STAT) pathway plays a key role in human DN and the absence of TIF in standard rodent models of DN may reflect a failure to activate this pathway. 22 In keeping with this theory, multiple JAK-STAT pathway genes, such as JAK1, JAK2, and STAT1, were induced by the combination of diabetes and hypertension, but not by diabetes alone (Supplemental Figure 5) . Gene expression analysis from conventional rodent models of DN may not be reliably informative regarding the pathogenesis of human DN. For example, the increase in vascular endothelial growth factor-A (VEGF-A) expression observed in rodent models of incipient DN 23 implicated VEGF-A inhibition as an attractive therapeutic strategy. However, in human DN, VEGF-A expression is reduced 20 and VEGF-A antagonists may be detrimental and promote proteinuria. 24 Likewise in this study, whereas hyperglycemia alone tended to increase VEGF-A expression, the combination of hypertension and hyperglycemia reduced VEGF-A expression (Supplemental Figure 6 ), suggesting that superimposing hypertension on diabetes more closely reflects the pathophysiology of human DN.
One limitation of this study is that it cannot determine whether the development of nephropathy is due to hypertension or activation of the reninangiotensin-aldosterone-system per se. In addition, whereas the DM+HTN rats mimicked many of the hallmarks of human DN, some cardinal features were absent such as arteriolar hyalinosis and a significant (.50%) decline in renal function. There was, however, a trend toward a reduction in mean (6SD) inulin clearance in both hypertensive groups (1.960.6 ml/min [n=6] and 2.660.6 ml/min [n=8] in the HTN and HTN+DM groups, respectively) compared with the control and DM animals (3.261.4 ml/min [n=6] and 3.460.9 ml/min, [n=5], respectively). At the level of BP used in this study, hypertension seems to be at least as important as hyperglycemia in mediating renal injury; this may also be the case in human DN, as emphasized by the case reports of patients with diabetes and unilateral renal artery stenosis in which the failure of transmission of systemic hypertension to the kidney prevents development of nephropathy. 6, 7 In conclusion, this study reaffirms that induction of diabetes alone in rodents is of limited utility in modelling human DN. However, superimposing moderate renin-dependent hypertension results in many of the clinical, histological, and molecular features of human DN and is a relevant model in which to test novel therapies and dissect the pathogenesis of the disease.
CONCISE METHODS

Animal Studies
Cyp1a1mRen2 rats were generated as described. 13 Diabetes was induced by a single intravenous injection of 20 mg/kg streptozotocin and blood sugars were maintained in the 20-30 mM range by serial subcutaneous insulin implants (Research Pack, Linshin, Canada). Two weeks after onset of diabetes, hypertension was induced by dietary supplementation of 0.125% by mass I-3-C (Sigma, UK). Tail-cuff BP measurements were performed twice weekly in conscious, trained animals and 24-hour urine collections were obtained every 4 weeks. After 28 weeks, animals were anesthetized (Inactin; 120 mg/kg intraperitoneally) and inulin clearance was determined as described. 25 All procedures were preformed under a UK Home Office license. 
Albumin and Creatinine Measurements
Albumin and creatinine measurements were performed on a Cobas Fara centrifugal analyzer (Roche Diagnostics Ltd, Welwyn Garden City, UK) using a commercial immunoturbidimetric assay (Microalbumin Kit, Olympus Diagnostics Ltd, Watford, UK) and a creatininase-based enzymatic method 26 (Alpha Laboratories Ltd, Eastleigh, UK), respectively.
Immunohistochemistry
Staining was performed on 4-mM methacarnfixed, paraffin-embedded sections using standard protocols with the following primary antibodies: mouse anti-rat a-SMA (1:500; Sigma-Aldrich, Dorset, UK), mouse anti-rat ED-1 (macrophage marker, 1:100; AbD Serotec, Kidlington, UK), rabbit antirat CD3 (T cell marker, 1:1000; Abcam, Cambridge, UK), anti-rat CD45RA (B cell marker, 1:500; AbD Serotec), goat anti-rat kidney injury molecule-1 (1:100; R&D Systems, Abingdon, UK), or a species-specific isotype. Sections were also stained for periodic acidSchiff and picrosirius red using standard protocols. The glomerulosclerosis index for each animal was determined from all glomeruli in one kidney cross-section (mean 180 glomeruli/animal) as described previously. 27 The mean number of ED-1 and CD3+ve cells were obtained from 60 hilar glomerular cross-sections per animal and twenty 200-power tubulointerstitial fields per animal. The mean glomerular and tubulointerstitial area staining for a-SMA or picrosirius red was calculated from 30 hilar glomerular cross-sections per animal or 20 interstitial fields using Adobe Photoshop software.
Microarray Analysis
RNAwas extracted using the Nucleospin RNA II kit (Macherey-Nagel, Duren, Germany) from snap-frozen, homogenized whole kidney tissue from four representative animals from each group. RNA was processed using standard Affymetrix protocols, including one round of cDNA amplification, and was hybridized to the Affymetrix Rat Genome 230 2.0 GeneChip. Data were extracted by using GeneChip Operating Software software, and Celestia files were used for further data processing in Bioconductor, 28 normalized by Robust Multiarray Average in the Affy module, 29 and analyzed with the Limma 30 and Rank Products packages. 31 Gene ontology 32 and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis was performed using the Database for Annotation, Visualization and Integrated Discovery (National Institute of Allergy and Infectious Diseases, National Institutes of Health, Frederick, MD). 33 Metacore pathway analysis software (GeneGo, St. Joseph, MI) was used to identify functional links in the differentially expressed genes and networks were built using Metacore's default network building algorithm. Microarray data are available in the ArrayExpress database (www.ebi.ac. uk/arrayexpress; accession no. E-MEXP-3165). The relative expression levels of selected genes from the microarray were validated by real-time PCR using inventoried Taqman gene expression assays and the 2 -DDCt method per the manufacturer's instructions (Applied Biosystems, Cheshire, UK).
Statistical Analyses
Data are presented as mean 6 SD and median (interquartile range) where the data are normal or skewed, respectively. The groups were compared by one-way ANOVA (after log-transformation for nonparametric data where necessary).
